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Aims: Previous investigations by our group have shown that prenatal exposure to lipopolysaccharide (LPS),
which mimics infections by Gram-negative bacteria, induced autistic-like behavior. No effective treatment yet
exists for autism. Therefore, we used our rat model to test a possible treatment for autism. We selected zinc as
the prenatal treatment to prevent or ease the impairments induced by LPS because LPS induces hypozincaemia.
Materials andmethods:We evaluated the effects of LPS and zinc on female reproductive performance. Communi-
cation, which is impaired in autism,was tested in pups by ultrasonic vocalizations. Plasma levels of brain-derived
neurotrophic factor (BDNF) were determined because it has been considered an autism important biomarker.
Key ﬁndings: Prenatal LPS exposure reduced offspring number and treatment with zinc prevented this reduction.
Moreover, pups that were prenatally exposed to LPS spent longer periods without calling their mothers, and
posttreatment with zinc prevented this impairment induced by LPS to the same levels as controls. Prenatal LPS
also increased BDNF levels in adult offspring, and posttreatment with zinc reduced the elevation of BDNF to
the same levels as controls.
Signiﬁcance: BDNF hyperactivity was also found in several studies of autistic patients. Togetherwith our previous
studies, our model of prenatal LPS induced autistic-like behavioral, brain, and immune disturbances. This sug-
gests that it is a valid rat model of autism. Prenatal zinc prevented reproductive, communication, and BDNF im-
pairments. The present study revealed a potential beneﬁcial effect of prenatal zinc administration for the
prevention of autism with regard to the BDNF pathway.© 2015 Elsevier Inc. All rights reserved.1. Introduction
Autism is a developmental brain disorder with a higher prevalence
inmales and characterized by social deﬁcits, communication abnormal-
ities, repetitive behaviors, and sometimes changes in some blood and
brain biomarkers, such as brain-derived neurotrophic factor (BDNF)
[1,2]. One in every 100 children is diagnosed with autism [3,4]. The
risk factors seem to include genetic and perinatal environmental agents,
such as gestational zinc deﬁcit, although its exact etiology remains
unknown [5–7].
Previous investigations by our group have shown that prenatal
treatment with lipopolysaccharide (LPS; 100 μg/kg, intraperitoneally
[i.p.]), an endotoxin that mimics infection with Gram-negative bacteria,
in rats on gestational day (GD) 9.5 impaired communication and
socialization and induced repetitive/restricted behavior in male rats.School of Veterinary Medicine,
Paiva, 87, São Paulo, SP 05508-
29.However, the behavior of female ratswas not altered [8,9]. These results
suggest that our model of prenatal LPS exposure induces autism-like
effects in offspring [9]. Moreover, we observed an increase in serum
interleukin-1β (IL-1β) levels in adult offspring [10], a ﬁnding already
reported in several autistic patients [11–13]. The effects of maternal
LPS exposure on the developing fetal brain have been suggested to be
mediated by the induction of proinﬂammatory cytokines within the
maternal circulation and placenta [14–16].
No effective treatment yet exists for autism, with no consensus on
the type of medication to prescribe [17]. A few drugs have been ap-
proved by the U.S. Food and Drug Administration, but they have limited
efﬁcacy, treat only part of the symptoms, and trigger adverse effects
[18]. Therefore, the purpose of the present study was to use our rat
model of autism to test a treatment for autism. We selected zinc as
the prenatal treatment to prevent or ease the impairments induced by
LPS. Cytokines produced after LPS exposure induce metallothionein,
which sequestrates zinc and induces maternal and fetal hypozincaemia
[19]. Coyle's group reported that hypozincaemia induced by LPS leads
to teratogenesis and that zinc supplementation prevented some repro-
ductive and behavioral impairments [19,20]. Human studies have
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ment [21,22]. According to Theoharides and colleagues [7], however,
these studies are not representative because they utilized a small
number of subjects and did not have appropriate controls. Thus, evalu-
ating whether prenatal zinc can reverse the impairments found in our
rat model of autism would be interesting.
LPS and zinc can induce reproductive injuries, such as reduced litter
size [8,19]. Thus, we evaluated the effects of LPS and zinc on female re-
productive performance. Moreover, because impaired communication
between children and their mothers is a typical symptom of autism
[1], we evaluated ultrasonic vocalizations in isolated pups. We also
evaluated the plasma levels of BDNF in rat offspring prenatally exposed
to LPS and zinc because it is considered an important biomarker of
autism [23]. Recently, Ricci et al. [2] showed that autistic patients
presented elevated serum levels of BDNF, regardless of age, gender,
and severity of the disorder, compared with controls. Other studies re-
ported similar ﬁndings in plasma [24], serum [25], postmortem brain
[26], and neonatal cord blood [27] samples from autistic patients.
2. Materials and methods
2.1. Ethics statement
This study was performed in strict accordance with the recommen-
dations of the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the
Committee on the Ethics of Animal Experiments of the School of Veter-
inary Medicine, University of São Paulo, Brazil (permit no. 2824/2012).
All effortsweremade tominimize suffering. The experimentswere per-
formed in accordance with good laboratory practice protocols and with
quality assurance methods.
2.2. Animals
Fifteen pregnant Wistar rats between 12 and 13 weeks of age and
weighing 226–266 g were used. Rat housing, the nutritional conditions,
the determination of GD0, and the handling and care of dams were the
same as those previously described by our group [9]. The dams were
randomly divided into three groups (n = 5 per group). Two young
male offspring (postnatal day [PND] 11) from each litter were used for
the ultrasonic vocalization test (n = 10 per group). Two other adult
male offspring (PND 68–72) from each litter were used for BDNF analy-
sis (n= 8 per group, n randomly reduced according to methodological
needs) We used two different offsprings for each experiment to mini-
mize potential confounding factors associated with litter effects [28]
and because maternal isolation required for ultrasonic vocalization
test affects neurodevelopment and adult analyses [29]. All of the exper-
iments were performed between 1:30 PM and 2:00 PM tominimize the
effects of circadian rhythms.
2.3. Treatments
The LPS solutionwas described previously [9]. LPSwas administered
i.p. to pregnant dams at a dose of 100 μg/kg onGD9.5. One hour after LPS
exposure, the dams also received sterile saline (SAL; 0.9% NaCl, 0.2 ml/
100 g, subcutaneously [s.c.] in the nape of the neck) because saline
was used as the vehicle for both LPS and zinc. This group was called
LPS + SAL.
Another group received LPS (100 μg/kg on GD9.5, i.p.) and then zinc
sulfate (zinc sulfate heptahydrate, ZnSO4, Sigma, St. Louis, MO, USA, cat.
no. Z0635; 2 mg/kg in 0.9% saline, s.c., in the nape of the neck) 1 h later,
based on the ﬁndings of Coyle's group [30]. This group was called
LPS+Zn. A s.c. zinc injection induces an immediate and consistently re-
producible increase in plasma zinc that peaks at levels that are four- to
ﬁve-fold higher than normal 2 h after injection and return to normal by
12 h [31]. No evidence has been reported that these plasma zinc levelshave a detrimental effect on pregnancy outcome [20]. The recovery of
normal zinc levels 12 h after s.c. zinc injection coincides with the period
of increased levels of cytokines after LPS exposure [32,33]. The zinc so-
lution was always prepared on the day of administration.
The control group consisted of pregnant rats that received only
sterile saline on GD9.5 (0.2ml/100 g, i.p.) and an additional saline injec-
tion after 1 h (0.2 ml/100 g, s.c.). This group was called SAL + SAL.2.4. Reproductive performance
The dams were allowed to give birth and nurture their offspring
normally. Gestation length from GD0 was evaluated. The day of birth
was recorded as PND1. No handling was performed on PND1, because
it is a known fact that PND1 is a critical period of stress for the dams.
Handling on PND1 can lead to infanticide and cannibalism. On PND2,
the number of males, females and total rat pups born per litter, and
the total offspring weight were measured. Immediately after weighing,
eight offspring (four males and four females) were randomly selected
for the following studies. No cross-fostering procedure was used. Litters
with fewer than eight pups were culled. Moreover, damswere weighed
onGD9.5 andPND2 to estimate theirweight gain during pregnancy. The
pups remained with each dam until weaning (PND21). On PND21,
littermates were separated and cohoused by sex under the same
conditions as their parents.2.5. Ultrasonic vocalization
Impaired communication of the pups with their mothers, a typical
symptom of autism [1], was assessed by ultrasonic vocalization, validat-
ed for rat model of autism [9,34]. Rodent pups emit vocalizations (band
frequency of 30–50 kHz) when isolated from their mothers, and these
vocalizations are thought to solicit maternal interactions [35,36]. On
PND 11, immediately after the pups were isolated from their nests and
mothers, they were individually placed in a polypropylene cage
(30 × 20× 12 cm) and brought to a testing room at a controlled temper-
ature of 22 °C± 2 °C that was separate from the housing room. PND 11
was chosen because (1) ultrasonic vocalization is relatively temperature
independent during the second week of life compared with the ﬁrst
week, (2) high within-litter variability in call emission is observed at
this time point, and (3) substantial evidence indicates intraindividual
stability in call emission at this time point [37,38]. Ultrasonic vocaliza-
tionswere detected using Ultravox software (Noldus Information Tech-
nology, Leesburg, VA, USA) with a ﬁlter and ultrasonic microphone that
was tuned to a range centered at 40 kHz and placed 8 cm away from the
cage ﬂoor. The automatically recorded parameters during the 5-min
session included the number of vocalizations, total time of vocalizations,
meanvocalization duration,maximal vocalization duration, total silence
duration, mean silence duration interval, and maximal silence duration
interval. The durations were recorded in seconds.2.6. BDNF analysis
Trunk blood was collected from adult offspring (PND68-72) after
decapitation in conical tubes that contained ethylenediaminetetraacetic
acid. The samples were centrifuged (10 min, 1000 g, 17 °C) and plasma
was obtained. Plasma BDNF levels were determined in duplicate
using the enzyme-linked immunosorbent assay according to the
manufacturer's instructions (cat. no. G7610, Promega, Madison, WI,
USA). We evaluated free mature BDNF (i.e., non-acidiﬁed samples)
and total free BDNF (i.e., acid-treated and neutralized samples, which
is the pro-form of BDNF, together with mature BDNF). Mature BDNF is
the active form of this neurotrophin, which binds to the TrkB receptor
[39].
Table 1
Reproductive performance. Effects of prenatal LPS (100 μg/kg) and zinc (ZnSO4; 2 mg/kg)
exposure on gestational day 9.5 on reproductive parameters of dams and their rat off-
spring. SAL + SAL, prenatal saline injection and another saline injection after 1 h; LPS +
SAL, prenatal LPS injection and a saline injection after 1 h; LPS+ Zn, prenatal LPS injection
and zinc injection after 1 h (n= 5 dams/group; data are expressed as mean ± SEM).






Gestation length (days) 22.00 ± 0.00 22.00 ± 0.00 22.00 ± 0.00
Number of pups born 10.40 ± 0.68 7.00 ± 1.09*## 12.00 ± 0.55
Number of males born 6.20 ± 0.66 4.20 ± 0.73 5.20 ± 0.86
Number of females born 4.20 ± 1.07 2.80 ± 0.97# 6.80 ± 0.49
Dam weight (g) on GD9.5 241.6 ± 4.36 252.3 ± 5.49 246.9 ± 4.47
Dam weight gain
(g, PND2-GD9.5)
4.84 ± 1.48 2.52 ± 5.74 3.40 ± 2.78
*p b 0.05, comparedwith SAL+SAL group; #p b 0.05 and ##p b 0.01, comparedwith LPS+
Zn group (one-way ANOVA followed by Bonferroni test).
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Homogeneity was veriﬁed using Bartlett's test. Normality was veri-
ﬁed using the Kolmogorov-Smirnov test. One-way analysis of variance
(ANOVA) followed by Bonferroni's multiple comparison test was used
to compare parametric data. The results are expressed as mean ±
SEM. In all cases, the results were considered signiﬁcant at p b 0.05.3. Results
One-way ANOVA demonstrated that prenatal LPS and zinc inﬂu-
enced reproductive performance of dams (Table 1). There were differ-
ences for total number of pups born per litter (F(2/27) = 9.98, p =
0.0028). Themultiple comparisons test revealed that prenatal LPS expo-
sure (LPS + SAL) reduced offspring number compared to the control
group (SAL + SAL; p b 0.05). Treatment with zinc prevented the off-
spring number reduction of dams exposed to LPS (LPS + Zn vs.
LPS + SAL, p b 0.01) to the same levels as the control group. We also
found differences in the number of females born (F(2/27) = 5.33,
p=0.0221). Interestingly, posttreatmentwith zinc (LPS+Zn) elevated
the number of females born, compared with the LPS + SAL group
(p b 0.05), without differences between SAL + SAL and LPS + SAL
groups. Other reproductive parameters did not present statistically
signiﬁcant differences, i.e., no evidence was found that prenatal LPS
and zinc exposure did not interfered with gestation length, number of
male pups born, offspring weight, dam weight, and dam weight gain
during pregnancy (p N 0.05 for all cases).
In the ultrasonic vocalization test, the one-way ANOVA revealed sig-
niﬁcant differences in the mean silence duration interval (n = 10 per
group; F(2/27) = 4.42, p = 0.0219; Fig. 1). The multiple-comparison
test revealed that prenatal LPS exposure (LPS + SAL group) increased
the mean silence duration compared with the control group
(SAL + SAL; p b 0.05). Posttreatment with zinc reduced the meanFig. 1.Ultrasonic vocalizations of the offspring. Effects of prenatal LPS (100 μg/kg) and zinc (ZnS
offspring. SAL+ SAL, prenatal saline injection and another saline injection after 1 h; LPS+ SAL,
zinc injection after 1 h (n=10 rats/group). *p b 0.05, comparedwith SAL+ SAL group; #p b 0.0
are expressed as mean ± SEM.silence duration in rats prenatally exposed to LPS (LPS + Zn group vs.
LPS + SAL, p b 0.05) to the same levels as the control group. The one-
way ANOVA also revealed signiﬁcant differences in themaximal silence
duration interval (n= 10 per group; F(2/27) = 3.88, p= 0.0330). The
multiple-comparison test revealed that prenatal LPS exposure
(LPS + SAL group) increased the maximal silence duration compared
with the control group (SAL + SAL; p b 0.05). Posttreatment with zinc
reduced the maximal silence duration in rats prenatally exposed to
LPS (LPS + Zn group vs. LPS + SAL, p b 0.05) to the same levels as the
control group. However, no differences in the number of vocalizations
(n = 10 per group; F(2/27) = 0.06, p = 0.9365) were found among
the three groups. The total time of vocalization,mean vocalization dura-
tion,maximal vocalization duration, and total silence durationwere also
not different among the three groups (n= 10 per group; p N 0.05 in all
cases, data not shown).
As shown in Fig. 2, the one-way ANOVA revealed signiﬁcant differ-
ences in free mature BDNF (n = 8 per group; F(2/21) = 5.29, p =
0.0137). The multiple-comparison test revealed that plasma levels of
free mature BDNF increased in the LPS + SAL group compared with
the control group (SAL + SAL; p b 0.05). Posttreatment with zinc re-
duced the elevation of BDNF induced by LPS exposure (LPS + Zn
group vs. LPS + SAL, p b 0.05) to the same levels as the control group.
However, no differences in total free BDNF levels were found among
the three groups (n= 8 per group; F(2/21) = 2.48, p= 0.1080).4. Discussion
Prenatal infection/inﬂammation onGD 9.5 falls within a critical peri-
od for brain organogenesis. Infections associated with immunological
events during the early/middle fetal stages (e.g., GD 8–10 in rats and
mice) might have a stronger impact on neurodevelopment than
infections that occur during late-stage pregnancy. Maternal immune
activation during early/middle pregnancymay interfere with cell prolif-
eration, differentiation,migration, target selection, and synapsematura-
tion, eventually leading to multiple brain and behavioral abnormalities
in adulthood [40–43]. Previous data from our group corroborated that
GD 9.5 is a critical period. We showed that prenatal treatment with
LPS onGD9.5 in rats induced short- and long-term reproductive, behav-
ioral, and neuroimmune impairments in the offspring [8–10,44–46].
Prenatal LPS exposure impaired the reproductive performance of
rats. Prenatal LPS reduced the number of offspring born compared to
the control group. Our previous studies have already shown a toxic ef-
fect of LPS in the reproductive performance, including injuries in the
placental tissue and higher post-implantation loss [10]. Prenatal LPS
can also induce spontaneous abortion, embryo resorption and intrauter-
ine mortality [47,48].
Posttreatment with zinc prevented the reduction of the offspring
number of dams exposed to LPS, restoring reproductive success similar
to that found in controls. Accordingly, a study conducted with pregnant
women in New Jersey have shown that pregnancy with low zinc dietO4; 2mg/kg) exposure on gestational day 9.5 on ultrasonic vocalizations in infantmale rat
prenatal LPS injection and a saline injection after 1 h; LPS+ Zn, prenatal LPS injection and
5, comparedwith LPS+ Zn group (one-way ANOVA followed by Bonferroni test). The data
Fig. 2. BDNF levels of the offspring. Effects of prenatal LPS (100 μg/kg) and zinc (ZnSO4; 2mg/kg) exposure on gestational day 9.5 on plasma freemature and total free BDNF levels in adult
male rat offspring. SAL + SAL, prenatal saline injection and another saline injection after 1 h; LPS + SAL, prenatal LPS injection and a saline injection after 1 h; LPS + Zn, prenatal LPS in-
jection and zinc injection after 1 h (n=8 rats/group. *p b 0.05, comparedwith SAL+ SAL group; #p b 0.05, comparedwith LPS+ Zn group (one-way ANOVA followed by Bonferroni test).
The data are expressed as mean ± SEM.
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with zinc [49]. Proper transfer of zinc to the fetus during pregnancy is
dependent on maintaining the normal concentration maternal zinc; in
other words, there are no speciﬁc sites of zinc stock to compensate the
momentary deﬁciency in maternal zinc [19,50]. Smoking, alcohol
abuse and stressful responses to trauma and infections can reduce
maternal concentration of zinc, being zinc supplementation prudent
for women during pregnancy [50]. The oral administration of zinc to
volunteers reduced reproductive impairments both in mother and
fetus; zinc was well tolerated and accepted by patients, without
inducing adverse effects [51].
In other mammals, the process seems to be similar. Coyle and
colleagues demonstrated that LPS on GD8 induced a 40% decrease of
plasma levels of zinc in mice. LPS induced teratogenesis, and zinc s.c.
injection or dietary zinc supplementation of dams prevented these
injuries [19,20,52].
According to Coyle et al. [19], control (saline) group that received
zinc supplementation presented no reproductive performance impair-
ments in maternal weight, number of litters, pup weight, and resorp-
tions, although the litter size was slightly reduced compared with the
control group. Thus, considering these reproductive results, we would
not suggest prenatal zinc administration during gestationwithout infec-
tious or inﬂammatory processes.
The fact that zinc treatment increased the number of females born
compared to the data of the LPS group was extensively searched in
the literature to verify whether this sexually dimorphic effect has
been described, and if there is some explanation for this phenomenon.
We did not ﬁnd any similar report of sexually dimorphic effects induced
by zinc. Thus, further studies are needed to verify the reproducibility of
these data and elucidate the mechanisms involved in the dimorphism
induced by prenatal zinc.
Pups that were prenatally exposed to LPS spent longer periods
without emitting 40 kHz vocalizations to their mothers (i.e., prenatal
LPS reduced vocal solicitations by infant offspring to their mothers).
The 40 kHz ultrasonic vocalization frequency is used by pups when
they are separated from their mothers to request the presence of the
mother [53]. The present results showed that prenatal LPS exposure
impaired communication in male pups. Impaired communication
between children and their mothers is one of the main symptoms of
autism [1]. The test of 40 kHz ultrasonic vocalization is validated for
rat models of autism [9,34]. Thus, prenatal LPS exposure induced
autistic-like behavior in rats.
Prenatal zinc administration prevented the communication impair-
ment induced by LPS exposure to the same levels as controls. Therefore,
prenatal zinc prevented autistic-like behavior in rats.
According to Caulﬁeld et al. [54], prenatal zinc supplementation
without inﬂammatory processes does not inﬂuence cognitive and social
skills, as well as behavioral development. Thus, it seems that prenatal
zinc induces behavioral changes only after an inﬂammatory process
(e.g., induced by LPS).BDNF is a small protein found throughout central nervous system,
and peripheral blood. It is a member of a family of secreted proteins
known as neurotrophins. It regulates neuronal survival, morphology,
development, and function and plays a critical role in synaptogenesis
and synaptic plasticity [55]. We also found that prenatal LPS exposure
elevated BDNF levels in rats similarly to autistic patients [2,24,25]. To
our knowledge, the present study that found that prenatal LPS exposure
elevated BDNF levels is the ﬁrst rodent model of autism to reveal this
similarity to autistic patients. In fact, early BDNF hyperactivity may
play an etiological role in autism early in life. This hypothesis is support-
ed by previous studies that reported increased blood and brain tissue
BDNF levels in autism compared with normal controls [56].
Together with our previous studies, our model induced impaired
communication and socialization, induced repetitive/restricted behav-
ior, increased serum IL-1β levels [8–10], and increased plasma BDNF
levels in rats. Therefore, prenatal LPS exposure induced autism-like
effects in offspring, revealing that it is a robust rat model of autism.
Tsai [56] hypothesized a correlation between autism and BDNF
levels. Increased BDNF levels in autistic patients may reﬂect a regional
compensatory mechanism or develop as an intrinsic component of the
disease process. In fact, brain growth is abnormal in autism, indicated
by early brain overgrowth. Because BDNF plays a key role in regulating
neuronal survival [55], early BDNF hyperactivity could result in the
overgrowth of brain tissue [56].
We cannot forget to mention that although the majority of studies
involving autism and BDNF reveal high levels of BDNF in autistic pa-
tients, regardless of age, gender, severity of the disorder, and type of
sample [2,24–27,56], the results are sometimes contradictory. For ex-
ample, there are data showing thatmean levels of BDNF are signiﬁcantly
lower in autistic children 0–9 years old, indicating a delayed BDNF in-
crease with development and not an increase in BDNF levels [57].
Both human and rat studies have demonstrated that BDNF levels in
the blood reﬂect BDNF levels in the brain [57,58]. Thus, our data suggest
a disturbance of brain BDNF. Incidentally, in addition to autistic-like be-
havior, we previously found that ourmodel of prenatal LPS also resulted
in striatal dopaminergic impairments in adult offspring, including re-
duced levels of tyrosine hydroxylase, dopamine, and its metabolites
[9,44]. BDNF is involved in the survival and differentiation of dopami-
nergic neurons in the developing brain [2]. For example, repeated
administration of stimulant drugs can cause permanent changes in
dopamine levels and both transient and permanent alterations in
BDNF and tyrosine hydroxylase expression, inducing long-term
neuroadaptations of both BDNF and dopamine [59,60]. BDNF is robustly
expressed in the mesolimbic pathway. The mesolimbic pathway is the
anatomical substrate for intricate interactions between dopamine and
BDNF [61]. We believe that the striatal dopaminergic and BDNF distur-
bances found after prenatal LPS exposure may be correlated, but this
possibility requires further study.
Interestingly, we found a disturbance in freemature BDNF levels and
not total free BDNF levels, which includes the BDNF precursor pro-
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be abnormal in patients with autism [26,62]. Speciﬁcally, mature
BDNF promotes spine formation, neuronal survival, and long-term
potentiation [63,64].
In addition to demonstrating that the plasma levels of free mature
BDNF were increased after prenatal LPS exposure, we also found that
posttreatmentwith zinc reduced the elevation induced by LPS exposure
to the same levels as the control group. Zinc is oneof themost important
trace elements in mammals, and it is required for many physiological
processes, such as cell proliferation and differentiation, growth and de-
velopment, and the regulation of enzymatic activity [65]. Some studies
in the literature show that zinc administration may induce BDNF ex-
pression [66]. Yang and colleagues [67] showed that zinc supplementa-
tion reduced BDNF levels in the hippocampus by reducing BDNF-TrkB
neurotrophic signaling. In fact, zinc was previously proposed to be a po-
tential agent for the treatment of Rett syndrome [68], which is included
in autism spectrum disorder [1]. However, we emphasize that the
present study is likely the ﬁrst to investigate zinc for the prevention/
treatment of autism with regard to the BDNF pathway.
Yu et al. [69] demonstrated that pups of pregnant rats thatwere oral-
ly supplemented with zinc presented a decrease in hippocampal BDNF
levels compared with control animals. Thus, considering the BDNF im-
pairments induced by zinc, we would not suggest prenatal zinc admin-
istration during gestationwithout infectious or inﬂammatory processes.
The present ﬁndings revealed a potential beneﬁcial effect of prenatal
zinc administration for the prevention of autism. Importantly, epidemi-
ological studies have correlated infections during pregnancy with a
higher incidence of children diagnosed with autism [70]. Thus, by ex-
trapolating to humans, we suggest that when the ﬁrst signs of sickness
behavior associatedwith an infection in pregnantwomen are perceived,
such as those induced by LPS, zinc could be administered to prevent the
development of autism in newborns.
5. Conclusions
In conclusion, prenatal LPS exposure on GD 9.5 impaired communi-
cation and increased plasmaBDNF levels in rat offspring. This communi-
cation impairment and BDNF hyperactivity was similar to many studies
of autistic patients [1,2,24,25,27,71]. Together with our previous studies
[8,9] ourmodel induced autistic-like behavioral, brain, and immune dis-
turbances, demonstrating that it is a robust ratmodel of autism.We also
found that posttreatment with zinc prevented the communication im-
pairment and BDNF hyperactivity induced by LPS exposure. Thus, to
our knowledge, this is the ﬁrst study to reveal a potential beneﬁcial
effect of prenatal zinc administration for the prevention/treatment of
autism with regard to the BDNF pathway. The reproductive parameters
study corroborates the toxic effects of LPS during gestation, and theben-
eﬁcial preventive effect of zinc in the reproduction. The present ﬁndings
may contribute to a better understanding and prevention/treatment of
autism and associated diseases.
Conﬂict of interest statement
The authors declare that there are no conﬂicts of interest.
Acknowledgments
This research was supported by the São Paulo Research Foundation
(FAPESP grant 2012/07007-8 and thematic grant 2009/51886-3) and
the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES/Prêmio 1029/2014).
References
[1] DSM-IV (1994) Pervasive developmental disorders. Washington, DC: American
Psychiatric Association. (65-78 pp.)[2] S. Ricci, R. Businaro, F. Ippoliti, V.R. Lo Vasco, F. Massoni, et al., Altered cytokine and
BDNF levels in autism spectrum disorder, Neurotox. Res. 24 (2013) 491–501.
[3] E. Fernell, M.A. Eriksson, C. Gillberg, Early diagnosis of autism and impact on
prognosis: a narrative review, Clin. Epidemiol. 5 (2013) 33–43.
[4] E. Fombonne, Epidemiology of pervasive developmental disorders, Pediatr. Res. 65
(2009) 591–598.
[5] M.R. Herbert, Contributions of the environment and environmentally vulnerable
physiology to autism spectrum disorders, Curr. Opin. Neurol. 23 (2010) 103–110.
[6] N.L. Johnson, E. Giarelli, C. Lewis, C.E. Rice, Genomics and autism spectrum disorder,
J. Nurs. Scholarsh. 45 (2013) 69–78.
[7] T.C. Theoharides, D. Kempuraj, L. Redwood, Autism: an emerging ‘neuroimmune
disorder’ in search of therapy, Expert. Opin. Pharmacother. 10 (2009) 2127–2143.
[8] T.B. Kirsten, M. Taricano, P.C. Maiorka, J. Palermo-Neto, M.M. Bernardi, Prenatal lipo-
polysaccharide reduces social behavior inmale offspring, Neuroimmunomodulation
17 (2010) 240–251.
[9] T.B. Kirsten, G.P. Chaves-Kirsten, L.M. Chaible, A.C. Silva, D.O. Martins, et al.,
Hypoactivity of the central dopaminergic system and autistic-like behavior induced
by a single early prenatal exposure to lipopolysaccharide, J. Neurosci. Res. 90 (2012)
1903–1912.
[10] T.B. Kirsten, L.L. Lippi, E. Bevilacqua, M.M. Bernardi, LPS exposure increases maternal
corticosterone levels, causes placental injury and increases IL-1β levels in adult rat
offspring: relevance to autism, PLoS One 8 (2013) e82244.
[11] X. Li, A. Chauhan, A.M. Sheikh, S. Patil, V. Chauhan, et al., Elevated immune response
in the brain of autistic patients, J. Neuroimmunol. 207 (2009) 111–116.
[12] H. Jyonouchi, S. Sun, H. Le, Proinﬂammatory and regulatory cytokine production
associated with innate and adaptive immune responses in children with autism
spectrum disorders and developmental regression, J. Neuroimmunol. 120 (2001)
170–179.
[13] L.Y. Al-Ayadhi, Pro-inﬂammatory cytokines in autistic children in central Saudi
Arabia, Neurosciences (Riyadh) 10 (2005) 155–158.
[14] H. Ashdown, Y. Dumont, M. Ng, S. Poole, P. Boksa, et al., The role of cytokines in
mediating effects of prenatal infection on the fetus: implications for schizophrenia,
Mol. Psychiatry 11 (2006) 47–55.
[15] A. Urakubo, L.F. Jarskog, J.A. Lieberman, J.H. Gilmore, Prenatal exposure to maternal
infection alters cytokine expression in the placenta, amniotic ﬂuid, and fetal brain,
Schizophr. Res. 47 (2001) 27–36.
[16] Z. Cai, Z.L. Pan, Y. Pang, O.B. Evans, P.G. Rhodes, Cytokine induction in fetal rat brains
and brain injury in neonatal rats after maternal lipopolysaccharide administration,
Pediatr. Res. 47 (2000) 64–72.
[17] M.L. McPheeters, Z. Warren, N. Sathe, J.L. Bruzek, S. Krishnaswami, et al., A systematic
review of medical treatments for children with autism spectrum disorders, Pediatrics
127 (2011) e1312–e1321.
[18] L.K. Wink, M.H. Plawecki, C.A. Erickson, K.A. Stigler, C.J. McDougle, Emerging drugs
for the treatment of symptoms associated with autism spectrum disorders, Expert
Opin. Emerg. Drugs 15 (2010) 481–494.
[19] P. Coyle, N. Tran, J.N. Fung, B.L. Summers, A.M. Rofe, Maternal dietary zinc supple-
mentation prevents aberrant behaviour in an object recognition task in mice off-
spring exposed to LPS in early pregnancy, Behav. Brain Res. 197 (2009) 210–218.
[20] L.C. Carey, P.L. Berbee, P. Coyle, J.C. Philcox, A.M. Rofe, Zinc treatment prevents
lipopolysaccharide-induced teratogenicity in mice, Birth Defects Res. A Clin. Mol.
Teratol. 67 (2003) 240–245.
[21] M. Bilici, F. Yildirim, S. Kandil, M. Bekaroglu, S. Yildirmis, et al., Double-blind,
placebo-controlled study of zinc sulfate in the treatment of attention deﬁcit hyper-
activity disorder, Prog. Neuro-Psychopharmacol. Biol. Psychiatry 28 (2004)
181–190.
[22] S. Akhondzadeh, M.R. Mohammadi, M. Khademi, Zinc sulfate as an adjunct to meth-
ylphenidate for the treatment of attention deﬁcit hyperactivity disorder in children:
a double blind and randomized trial [ISRCTN64132371], BMC Psychiatry 4 (2004) 9.
[23] G.J. Mizejewski, Biomarker testing for suspected autism spectrum disorder in early
childhood: is such testing now feasible? Biomark. Med 6 (2012) 503–506.
[24] C.T. Correia, A.M. Coutinho, A.F. Sequeira, I.G. Sousa, L. Lourenco Venda, et al.,
Increased BDNF levels and NTRK2 gene association suggest a disruption of BDNF/
TrkB signaling in autism, Genes Brain Behav. 9 (2010) 841–848.
[25] K. Miyazaki, N. Narita, R. Sakuta, T. Miyahara, H. Naruse, et al., Serum neurotrophin
concentrations in autism andmental retardation: a pilot study, Brain Dev. 26 (2004)
292–295.
[26] K.L. Garcia, G. Yu, C. Nicolini, B. Michalski, D.J. Garzon, et al., Altered balance of pro-
teolytic isoforms of pro-brain-derived neurotrophic factor in autism, J. Neuropathol.
Exp. Neurol. 71 (2012) 289–297.
[27] K.B. Nelson, J.K. Grether, L.A. Croen, J.M. Dambrosia, B.F. Dickens, et al., Neuropep-
tides and neurotrophins in neonatal blood of children with autism or mental
retardation, Ann. Neurol. 49 (2001) 597–606.
[28] S. Giovanoli, H. Engler, A. Engler, J. Richetto, M. Voget, et al., Stress in puberty
unmasks latent neuropathological consequences of prenatal immune activation in
mice, Science 339 (2013) 1095–1099.
[29] C.M. Kuhn, S.M. Schanberg, Responses to maternal separation: mechanisms and
mediators, Int. J. Dev. Neurosci. 16 (1998) 261–270.
[30] J.S. Chua, C.J. Cowley, J. Manavis, A.M. Rofe, P. Coyle, Prenatal exposure to lipopoly-
saccharide results in neurodevelopmental damage that is ameliorated by zinc in
mice, Brain Behav. Immun. 26 (2012) 326–336.
[31] B.L. Summers, A.M. Rofe, P. Coyle, Prenatal zinc treatment at the time of acute
ethanol exposure limits spatial memory impairments in mouse offspring, Pediatr.
Res. 59 (2006) 66–71.
[32] D.A. Gayle, R. Beloosesky, M. Desai, F. Amidi, S.E. Nunez, et al., Maternal LPS induces
cytokines in the amniotic ﬂuid and corticotropin releasing hormone in the fetal rat
brain, Am. J. Physiol. Regul. Integr. Comp. Physiol. 286 (2004) R1024–R1029.
17T.B. Kirsten et al. / Life Sciences 130 (2015) 12–17[33] S.J. Renaud, T. Cotechini, J.S. Quirt, S.K. Macdonald-Goodfellow, M. Othman, et al.,
Spontaneous pregnancy loss mediated by abnormal maternal inﬂammation in rats
is linked to deﬁcient uteroplacental perfusion, J. Immunol. 186 (2011) 1799–1808.
[34] M. Wohr, M.L. Scattoni, Behavioural methods used in rodent models of autism
spectrum disorders: current standards and new developments, Behav. Brain Res.
251 (2013) 5–17.
[35] T.R. Insel, J.L. Hill, R.B. Mayor, Rat pup ultrasonic isolation calls: possible mediation
by the benzodiazepine receptor complex, Pharmacol. Biochem. Behav. 24 (1986)
1263–1267.
[36] S. Ise, N. Nagano, S. Okuda, H. Ohta, Corticotropin-releasing factor modulates
maternal separation-induced ultrasonic vocalization in rat pups via activation of
CRF1 receptor, Brain Res. 1234 (2008) 59–65.
[37] S.A. Brunelli, C.C. Keating, N.A. Hamilton, M.A. Hofer, Development of ultrasonic
vocalization responses in genetically heterogeneous national institute of health
(N:NIH) rats. I. Inﬂuence of age, testing experience, and associated factors, Dev.
Psychobiol. 29 (1996) 507–516.
[38] S.A. Brunelli, D.D. Vinocur, D. Soo-Hoo, M.A. Hofer, Five generations of selective
breeding for ultrasonic vocalization (USV) responses in N:NIH strain rats, Dev.
Psychobiol. 31 (1997) 255–265.
[39] H.S. Je, F. Yang, Y. Ji, G. Nagappan, B.L. Hempstead, et al., Role of pro-brain-derived
neurotrophic factor (proBDNF) to mature BDNF conversion in activity-dependent
competition at developing neuromuscular synapses, Proc. Natl. Acad. Sci. U. S. A.
109 (2012) 15924–15929.
[40] L. Shi, S.H. Fatemi, R.W. Sidwell, P.H. Patterson, Maternal inﬂuenza infection causes
marked behavioral and pharmacological changes in the offspring, J. Neurosci. 23
(2003) 297–302.
[41] U. Meyer, M. Nyffeler, A. Engler, A. Urwyler, M. Schedlowski, et al., The time of
prenatal immune challenge determines the speciﬁcity of inﬂammation-mediated
brain and behavioral pathology, J. Neurosci. 26 (2006) 4752–4762.
[42] U. Meyer, B.K. Yee, J. Feldon, The neurodevelopmental impact of prenatal infections
at different times of pregnancy: the earlier the worse? Neuroscientist 13 (2007)
241–256.
[43] A.M. Samuelsson, E. Jennische, H.A. Hansson, A. Holmang, Prenatal exposure to
interleukin-6 results in inﬂammatory neurodegeneration in hippocampus with
NMDA/GABA(A) dysregulation and impaired spatial learning, Am. J. Physiol.
Regul. Integr. Comp. Physiol. 290 (2006) R1345–R1356.
[44] T.B. Kirsten, M. Taricano, J.C. Florio, J. Palermo-Neto, M.M. Bernardi, Prenatal
lipopolysaccharide reduces motor activity after an immune challenge in adult
male offspring, Behav. Brain Res. 211 (2010) 77–82.
[45] A.M. Soto, T.B. Kirsten, T.M. Reis-Silva, M.F. Martins, E. Teodorov, et al., Single early
prenatal lipopolysaccharide exposure impairs striatal monoamines and maternal
care in female rats, Life Sci. 92 (2013) 852–858.
[46] T.B. Kirsten, B.P. de Oliveira, A.P. de Oliveira, K. Kieling, W.T. de Lima, et al., Single
early prenatal lipopolysaccharide exposure prevents subsequent airway inﬂamma-
tion response in an experimental model of asthma, Life Sci. 89 (2011) 15–19.
[47] D.X. Xu, Y.H. Chen, H.Wang, L. Zhao, J.P.Wang, et al., Tumor necrosis factor alpha par-
tially contributes to lipopolysaccharide-induced intra-uterine fetal growth restriction
and skeletal development retardation in mice, Toxicol. Lett. 163 (2006) 20–29.
[48] L. Zhao, Y.H. Chen, H.Wang, Y.L. Ji, H. Ning, et al., Reactive oxygen species contribute to
lipopolysaccharide-induced teratogenesis in mice, Toxicol. Sci. 103 (2008) 149–157.
[49] T.O. Scholl, M.L. Hediger, J.I. Schall, R.L. Fischer, C.S. Khoo, Low zinc intake during
pregnancy: its association with preterm and very preterm delivery, Am. J.
Epidemiol. 137 (1993) 1115–1124.
[50] J.C. King, Determinants of maternal zinc status during pregnancy, Am. J. Clin. Nutr.
71 (2000) 1334S–1343S.[51] G. Kynast, E. Saling, Effect of oral zinc application during pregnancy, Gynecol. Obstet.
Investig. 21 (1986) 117–123.
[52] J.S. Chua, A.M. Rofe, P. Coyle, Dietary zinc supplementation ameliorates LPS-induced
teratogenicity in mice, Pediatr. Res. 59 (2006) 355–358.
[53] M. Wohr, R.K. Schwarting, Maternal care, isolation-induced infant ultrasonic calling,
and their relations to adult anxiety-related behavior in the rat, Behav. Neurosci. 122
(2008) 310–330.
[54] L.E. Caulﬁeld, D.L. Putnick, N. Zavaleta, F. Lazarte, C. Albornoz, et al., Maternal gesta-
tional zinc supplementation does not inﬂuence multiple aspects of child develop-
ment at 54 mo of age in Peru, Am. J. Clin. Nutr. 92 (2010) 130–136.
[55] D.K. Binder, H.E. Scharfman, Brain-derived neurotrophic factor, Growth Factors 22
(2004) 123–131.
[56] S.J. Tsai, Is autism caused by early hyperactivity of brain-derived neurotrophic
factor? Med. Hypotheses 65 (2005) 79–82.
[57] R. Katoh-Semba, R. Wakako, T. Komori, H. Shigemi, N. Miyazaki, et al., Age-related
changes in BDNF protein levels in human serum: differences between autism
cases and normal controls, Int. J. Dev. Neurosci. 25 (2007) 367–372.
[58] F. Karege, M. Schwald, M. Cisse, Postnatal developmental proﬁle of brain-derived
neurotrophic factor in rat brain and platelets, Neurosci. Lett. 328 (2002) 261–264.
[59] F. Fumagalli, L. Di Pasquale, L. Cafﬁno, G. Racagni, M.A. Riva, Repeated exposure to
cocaine differently modulates BDNF mRNA and protein levels in rat striatum and
prefrontal cortex, Eur. J. Neurosci. 26 (2007) 2756–2763.
[60] J.F. McGinty, T.W. Whitﬁeld Jr., W.J. Berglind, Brain-derived neurotrophic factor and
cocaine addiction, Brain Res. 1314 (2010) 183–193.
[61] D.M. McCarthy, A.N. Brown, P.G. Bhide, Regulation of BDNF expression by cocaine,
Yale J. Biol. Med. 85 (2012) 437–446.
[62] M.G. Murer, F. Boissiere, Q. Yan, S. Hunot, J. Villares, et al., An immunohistochemical
study of the distribution of brain-derived neurotrophic factor in the adult human
brain, with particular reference to Alzheimer's disease, Neuroscience 88 (1999)
1015–1032.
[63] R. Lee, P. Kermani, K.K. Teng, B.L. Hempstead, Regulation of cell survival by secreted
proneurotrophins, Science 294 (2001) 1945–1948.
[64] C. Tognoli, F. Rossi, F. Di Cola, G. Baj, E. Tongiorgi, et al., Acute stress alters transcript
expression pattern and reduces processing of proBDNF to mature BDNF in
Dicentrarchus labrax, BMC Neurosci. 11 (2010) 4.
[65] W. Maret, H.H. Sandstead, Zinc requirements and the risks and beneﬁts of zinc sup-
plementation, J. Trace Elem. Med. Biol. 20 (2006) 3–18.
[66] G. Nowak, B. Legutko, B. Szewczyk, M. Papp, M. Sanak, et al., Zinc treatment induces
cortical brain-derived neurotrophic factor gene expression, Eur. J. Pharmacol. 492
(2004) 57–59.
[67] Y. Yang, X.P. Jing, S.P. Zhang, R.X. Gu, F.X. Tang, et al., High dose zinc supplementa-
tion induces hippocampal zinc deﬁciency and memory impairment with inhibition
of BDNF signaling, PLoS One 8 (2013) e55384.
[68] S.J. Tsai, Zinc sulfate could be potential agent for the treatment of Rett syndrome
through increasing central BDNF levels, Med. Hypotheses 68 (2007) 230–231.
[69] X. Yu, T. Ren, Disruption of calmodulin-dependent protein kinase II alpha/brain-
derived neurotrophic factor (alpha-CaMKII/BDNF) signalling is associated with
zinc deﬁciency-induced impairments in cognitive and synaptic plasticity, Br. J.
Nutr. 110 (2013) 2194–2200.
[70] H.O. Atladottir, P. Thorsen, L. Ostergaard, D.E. Schendel, S. Lemcke, et al., Maternal
infection requiring hospitalization during pregnancy and autism spectrum
disorders, J. Autism Dev. Disord. 40 (2010) 1423–1430.
[71] A.M. Plumb, A.M. Wetherby, Vocalization development in toddlers with autism
spectrum disorder, J. Speech Lang. Hear. Res. 56 (2013) 721–734.
